However, respective systematic evaluations are absent. Thus, the authors investigated whether routine ECG findings add prognostic information to standard risk assessment in hemodialysis.
H igh mortality rates, above 20% per year, show the abysmal prognosis of diabetic hemodialysis patients (1) . To ameliorate risk stratification, multiple markers are currently under investigation. In this context, Kidney Disease Outcomes Quality Initiative (K/DOQI) practice guidelines recommend recording of an electrocardiogram (ECG) in every patient at initiation of renal replacement therapy and yearly thereafter (2) . Although ECGs are extensively used diagnostic tools, appropriate systematic evaluations regarding the prognostic utility in hemodialysis patients are absent. This is of particular importance, since in this high-risk group ECG interpretation might be compromised by the fact that volume and electrolyte status can influence various ECG variables like the QRS complex, QT interval and P-wave (3, 4, 5, 6) .
The German Diabetes and Dialysis Study (4D Study: Die Deutsche Diabetes Dialyse Studie) was designed to test the efficacy and safety of atorvastatin in 1255 patients with type 2 diabetes mellitus on maintenance hemodialysis (7) . During this study, baseline ECGs were recorded and analyzed according to prespecified criteria. The study endpoints were precisely documented and centrally adjudicated. Thus, the 4D Study allows the investigation of the prognostic value of easily assessable ECG parameters at baseline for the prediction of cardiovascular events and all-cause death in a large, well characterized population of patients with type 2 diabetes mellitus on maintenance hemodialysis. We hypothesized that increased heart rate, cardiac rhythm abnormalities, QRS-axis deviation, atrioventricular block, signs of myocardial infarction (MI), left ventricular hypertrophy (LVH), complete left and right bundle branch block (LBBB and RBBB), and corrected QT interval are associated with cardiovascular events and all-cause death in patients with type 2 diabetes mellitus on maintenance hemodialysis, supporting the clinical practice of routine ECG recordings.
Materials and Methods

Study Population
Design and methods of the 4D Study have previously been reported in detail (8) . Briefly, the 4D Study was a large, randomized, multicenter trial including 1255 patients with type 2 diabetes mellitus and previous duration of maintenance hemodialysis of less than 2 yr. Exclusion criteria included levels of fasting serum LDL cholesterol of Ͻ80 mg/dL (2.1 mmol/L) or Ͼ190 mg/dL (4.9 mmol/L), triglyceride levels of Ͼ1000 mg/dL (11.3 mmol/L); liver function values Ͼ 3 times the upper limit of normal or equal to those in patients with symptomatic hepatobiliary cholestatic disease; hematopoietic disease or systemic disease unrelated to end-stage renal disease; vascular intervention, congestive heart failure, or MI within the 3 mo preceding the period of enrolment; unsuccessful kidney transplantation; and hypertension resistant to therapy.
Between March 1998 and October 2002, patients were recruited in 178 dialysis units throughout Germany. After a run-in period of 4 wk, patients were randomly assigned to receive double-blind treatment with either 20 mg of atorvastatin once daily (n ϭ 619) or placebo (n ϭ 636). Follow-up visits were done at 4 wk and then every 6 mo.
Outcome Measures
The primary study endpoint was a combined cardiovascular endpoint (CVE) composed of cardiac death, MI, and stroke, whichever occurred first. All-cause mortality, sudden death, MI, and stroke were defined as secondary outcome measures. Endpoints were prespecified and centrally adjudicated by a specialized committee consisting of 1 cardiologist and 2 nephrologists who were blind to study treatment. All five endpoints were determined to be the outcome measures of the current post hoc analysis. Definitions of these endpoints have previously been reported in detail (7, 8) .
ECG Methodology
The last standard resting 12-lead ECG recorded before randomization to study treatment was used for this analysis (if there was no ECG available before randomization, the first ECG recorded after randomization was analyzed). Hard-copy ECGs, recorded at either 25 or 50 mm/s paper speeds were collected and processed in a central laboratory. An independent experienced cardiologist who was blind to all clinical information quantified and interpreted the ECGs according to prespecified criteria (Table 1) , describing the following characteristics for each recording: (1) cardiac rhythm, (2) heart rate, (3) QRS axis, (4) presence of atrioventricular conduction defects, (5) complete RBBB, (6) complete LBBB, (7) signs of MI, (8) LVH, and (9) corrected QT interval. To validate this analysis, the same reader reanalyzed a random subsample of ECGs. The intraobserver reproducibility was 98% (of 1100 variables, 22 were interpreted differently). Furthermore, a second independent cardiologist interpreted a random subsample of ECGs with an interobserver reproducibility of 96% (of 1100 variables, 41 were differently interpreted) between the first and the second analysis. In the case of low voltage (QRS amplitude Ͻ 0.5mV in leads I, II, and III), artificial pacemaker or complete AV block with ventricular complexes no QRS axis was defined. The following groups were identified: QRS axis Ϫ89°to Ϫ31°, Ϫ30°, 29°to ϩ 29°, ϩ 30°, ϩ31°to ϩ59°, ϩ60°, ϩ61°to ϩ89°, ϩ 90°, ϩ91°to ϩ149°, ϩ150°, ϩ151°t o ϩ209°, ϩ210°, ϩ211°to ϩ269°, ϩ270°(ϭ-90°).
Ventricular conduction defects
Complete left bundle branch block: QRS duration Ͼ 0.12 s in a majority of beats in any of leads I, II, III, aVL, or aVF, plus R peak duration Ͼ 0.06 s in a majority of beats (of the same QRS pattern) in any of leads I, II, aVL, V5, V6. Complete right bundle branch block: QRS duration Ͼ 0.12 s in a majority of beats in any of leads I, II, III, aVL, or aVF, plus RЈ Ͼ R in V1 or V2; or QRS mainly upright, with R peak duration Ͼ 0.06 s in V1 or V2; or S duration Ͼ R duration in all beats in lead I or II.
Left ventricular hypertrophy
Sokolow Lyon Index (SV1 or V2 and RV5 or V6 Ն 3.5 mV).
QT interval QT interval was corrected for the heart rate with the Bazett's QT interval correction formula (QT interval/square root ͓R-R interval͔). The QT interval was measured in the case of absence of sinus rhythm and complete left or right bundle branch block or pacemaker rhythm. Signs of myocardial infarction Q wave Ն 0.03 s in at least two adjacent leads except V 1 and aVR (adjacent leads are V 2 -V 6 ; I and aVL, II, III, aVF); abnormal symmetric T wave inversion Ն 0.1 mV in adjacent leads (adjacent leads are V 2 -V 6 ; I and aVL, II, III, aVF); abnormal ST depression: each horizontal ST depression Ն 0.2 mV, 0.08 s after the J point, except in ECGs with bundle branch block, left ventricular hypertrophy, or uncharacteristic repolarization disorder. Baseline heart rate Ventricular rate, independent of atrial rhythm.
Statistical Analyses
Baseline data of continuous variables are given as mean Ϯ SD. Absolute and relative frequencies are given for categorical variables. Cumulative incidences and Kaplan-Meier estimates of all outcome measures were calculated. Adjusting for important possible confounders, the Cox proportional hazards regression model was used to calculate the relative risk and corresponding 95% percent confidence intervals (CIs) associated with individual ECG variables and the five endpoints. The following explanatory variables were considered for inclusion into the Cox model: atorvastatin treatment assignment; gender; age; history of smoking; systolic and diastolic BP; body mass index; phosphate; LDL cholesterol; hemoglobin; glycated hemoglobin; albumin; history of coronary artery disease, congestive heart failure, cardiac valve disorder, peripheral vascular disease, and stroke or transitory ischemic attack; and the following ECG variables: cardiac rhythm, heart rate, atrioventricular conduction defects, QRS axis, complete RBBB and LBBB, LVH, signs of MI, and corrected QT interval (regarding the QRS axis, patients were allocated to the following groups: QRS axis Ϫ89°to ϩ 29°, ϩ30°to ϩ 89°, ϩ90°to Ϫ90°). A forward stepwise selection procedure was used to determine the variables included in the final model. This procedure starts examining the variable with the largest adjusted chi-square statistic, and adds variables to the model if P Յ 0.25, and retains them if P Յ 0.15 in the following steps. In the final analysis, a P value Յ 0.05 was considered to be significant (in an exploratory sense). All P values are reported two-sided. All testing was two-tailed. Analyses were done using SAS version 8.2.
Results
Of 1255 patients, who participated in the 4D Study, 1253 received at least one ECG recording. Of these, 1040 ECGs were recorded before randomization and 213 shortly thereafter. High-quality ECG recordings without missing or misplaced leads or other technical errors were available in 1239 patients. Incomplete high-quality recordings were also analyzed as far as possible (e.g., regarding heart rate and cardiac rhythm). The mean follow-up-period was 3.96 yr (median, 4.0 yr) for patients on atorvastatin and 3.91 yr (median, 4.08 yr) for those on placebo. During follow-up, 617 patients died; of those, 160 died of sudden death. Four hundred sixty-nine patients reached the CVE consisting of cardiac death, nonfatal MI, and stroke, with 103 patients experiencing a stroke and 200 subjects a MI. For baseline characteristics, see Table 2 .
ECG variables
One thousand one hundred twelve patients (89%) were in sinus rhythm. The most common rhythm disorders were atrial fibrillation (n ϭ 106) and atrial flutter (n ϭ 11), which was documented in 117 out of 141 ECGs without sinus rhythm. Furthermore, pacemaker rhythm (n ϭ 38) and atrial escape rhythm (n ϭ 19) were registered. Atrioventricular conduction defect (AV block) I°-III°was documented in 91 (7%) patients cases (AV block 1°, n ϭ 90 and AV block II°-III°, n ϭ 1). Seven hundred ninety-five ECG scans (63%) showed a QRS axis from Ϫ89°to ϩ 29°, 355 (28%) from ϩ 30°to ϩ 89°, and 39 (3%) from ϩ 90°to Ϫ90°; in 64 baseline ECGs (5%), the QRS axis could not be determined. Complete RBBB (n ϭ 82) or LBBB (n ϭ 28) was found in 110 ECGs (9%). LVH was diagnosed in 155 patients (12%); signs of MI were present in 176 ECGs (14%). QT interval was measured in 1082 patients. Patients with pre-existing bundle branch block, absence of sinus rhythm, or pacemaker rhythm were excluded from QT-interval analysis.
In univariate analysis, sinus rhythm, LVH, infarction signs, and baseline heart rate were associated with the CVE and all-cause death. In addition, complete LBBB was predictive of mortality and sudden death. ECG signs of MI and baseline heart rate were predictors of MI, and LVH was associated with stroke and sudden death. Baseline heart rate was predictive of sudden death. QT interval, complete RBBB, atrioventricular conduction defects, and QRS axis were not associated with the outcome.
Absolute Risks
Overall, the risk of mortality was high. After 4 yr of followup, the highest proportion of all cause death was seen in patients presenting without sinus rhythm (64%) compared with patients with preserved sinus rhythm (48%) (P Ͻ 0.001) ( Figure  1 ). With respect to CVE, similar results were found. Patients without sinus rhythm in the baseline ECG had the highest cumulative incidence of CVE, 50% after 4 yr, compared with 42% in patients with preserved sinus rhythm (P ϭ 0.003) (Figure 2) .
For sudden death, the absolute risk was 25% after 4 yr in patients with ECG signs of LVH and 15% in those without signs of LVH (P ϭ 0.01) (Figure 3 ). Similar data were found with respect to stroke. The cumulative incidences of stroke after 4 yr were 16% in patients with LVH and 9% in those without LVH (P ϭ 0.02) (Figure 4 ).
Relative Risks
The absence of sinus rhythm in the baseline ECG was associated with a marked increase in the risk of all-cause death (HR, 1.89; 95% CI, 1.42 to 2.51; P Ͻ 0.001). Consistently, patients presenting without sinus rhythm in the baseline ECG were 75% more likely to experience a CVE (HR 1.75; 95% CI, 1.24 to 2.47; P ϭ 0.001), and more than twice as likely to experience a stroke (HR 2.64; 95% CI, 1.30 to 5.35; P ϭ 0.007). LVH was predictive of sudden death (HR 1.60; 95% CI, 1.05 to 2.44; P ϭ 0.027) and stroke (HR 2.45; 95% CI, 1.49 to 4.05; P Ͻ 0.001). There was a trend toward a higher risk of CVE (HR 1.27; 95% CI, 0.97 to 1.65; P ϭ 0.081) and MI (HR 1.44; 95% CI, 0.98 to 2.14; P ϭ 0.066) in patients with signs of MI in their baseline ECG compared with those without. Baseline heart rate, QT interval, complete RBBB and LBBB, atrioventricular conduction defects, and QRS axis were not associated with the outcome in multivariate analyses.
Discussion
The present study investigated the association between 9 routine ECG variables and the outcome in a large prospective patient cohort with a high incidence of prespecified and centrally adjudicated endpoints during 4 yr of follow-up. In patients with type 2 diabetes mellitus on hemodialysis, the absence of sinus rhythm was a risk indicator for all-cause mortality and cardiovascular events. Furthermore, LVH was associated with stroke and sudden death. A number of established ECG risk indicators as infarction signs, LBBB, QT inter- The two P values (comparing patients with sinus rhythm to those without, and patients with LVH to those without) were derived by t test for continuous data and by the Fisher exact test or chi-square test for categorical data. Congestive heart failure is predominantly New York Heart Association II. To convert hemoglobin values to millimoles per liter, multiply by 0.62. To convert values for phosphate to millimoles per liter, multiply by 0.32. To convert values for LDL cholesterol to millimoles per liter, multiply by 0.03. Abbreviations: LVH, left ventricular hypertrophy; MI, myocardial infarction; CABG, coronary artery bypass grafting; PCI, percutaneous coronary intervention; CHD, coronary heart disease documented by coronary angiography.
a The ultrafiltration volume was calculated on the basis of body weight before and after dialysis at the randomization visit val, and heart rate were not predictive of the outcome in multivariate analysis.
In patients with normal renal function, the prognostic value of ECG variables is well established. LVH and signs of MI were associated with coronary morbidity, mortality, and stroke in the Framingham Study (9) . Strain pattern in hypertensive patients predicted heart failure development and mortality in a subanalysis of the LIFE (The Losartan Intervention for Endpoint Reduction in Hypertension) study (10) . An extensive analysis of 12 ECG variables in 38,283 women participating in the Women's Health Initiative found repolarization disorders, signs of MI, and QRS abnormalities to be equally predictive of coronary heart disease morbidity and mortality (11) . Repolarization disorders and infarction pattern were also predictors of incident congestive heart failure and all-cause mortality (12) . Finally, in atrial fibrillation trials, the preservation of sinus rhythm was associated with a considerable reduction in the risk of death (13, 14) . Thus, there is a good rationale for baseline ECGs in the above populations. However, information on the prognostic value of the by guidelines recommended routine ECG recording in hemodialysis patients is by now only opinion based (2) .
Besides being particularly frequent (11.3% of the cohort; 83% of those had atrial fibrillation or flutter), the absence of sinus rhythm in the baseline ECG was a risk indicator for all-cause death, the CVE, and stroke. So far, only two studies in patients on maintenance hemodialysis treatment reported an increased prevalence of atrial fibrillation and a higher incidence of thrombo-embolic events, hospitalizations, or mortality in patients with atrial fibrillation (15, 16) . To evaluate the increased prevalence of atrial fibrillation and higher incidence of cardiovascular morbidity and all-cause mortality in hemodialysis, we looked for differences in dialysis specific variables (dialysis shunt, atrial catheter, ultrafiltration volume, duration of dialysis per week) and LVH. With respect to these characteristics, patients with and without sinus rhythm were similar. Significant differences were found regarding age, systolic BP, congestive heart failure, and cardiac valve disorders, suggesting an increased mortality hazard mediated by accompanying risk factors. However, the predictive value of sinus rhythm with respect to all-cause death and CVE persisted even after adjustment for these variables. LVH diagnosed by ECG criteria was predictive of stroke and sudden death. This is in line with previous data in patients without kidney disease, reporting LVH to be among the risk factors for ischemic stroke and sudden death (17, 18) . With respect to total mortality and CVE, we found a significant association in the univariate, but not in the multivariate, analyses. This is partly consistent with earlier findings but does not comply with data mainly derived from echocardiographic studies showing a clear association between LVH and mortality in hemodialysis populations (19) (20) (21) (22) (23) . This might be due to the fact that the sensitivity of hypertrophy markers in the ECG is low (24, 25) . Thus, ECG and echocardiographic findings cannot be compared directly, and ECG alone underestimates LVH. Furthermore, the QRS amplitude is dependent on various parameters influenced by hemodialysis; for example,. the QRS amplitude increases when body weight, end diastolic volume, potassium, and systolic arterial pressure decrease after hemodialysis (5, 6) , which might question the validity of LVH assessment by ECG indexes in hemodialysis patients. Finally, multicollinearity might have played a role because LVH is associated with hypertension and anemia; therefore, ECG-based diagnosis of LVH might have dropped out of the multivariate analysis (26) .
The remaining variables (signs of MI, baseline heart rate, QRS axis, AV block, complete LBBB or RBBB, and QT interval) showed no statistically significant association with the outcome in multivariate analyses. This was particularly surprising in the case of MI. ECG signs of MI are well established prognostic markers in the general population but there are no data in hemodialysis patients yet. In the 4D Study 14% of patients showed at least one infarction criterion in the baseline ECG. In univariate analysis, this was associated with an increase in CVE, MI, and total mortality. However, this relation did not persist after adjustment for demographics, comorbidity, and biomarkers in the multivariate models. This might be ascribed to the fact that the risk of all-cause death and cardiovascular events associated with ECG signs of MI was not independent of known comorbidities or the low incidence of endpoints. Mortality rates were well below those reported by Herzog et al. (27) . In this retrospective analysis, the overall mortality after acute MI among 34,189 patients on long-term dialysis was 90% at 5 yr, with a 26% in-hospital mortality. Of note, in the 4D Study patients with acute cardiovascular events within the last 3 mo before study entry were not allowed to be randomized to study treatment, thus some patients (18% of the study cohort) in the 4D Study were selected survivors of MI.
There are some limitations to be mentioned. First, the ECG reading was not performed on a computerized basis but by an experienced cardiologist, reflecting usual procedures and evaluating clinically relevant variables. Thus, this analysis reflects daily routine practice. Second, even if the large cohort of 1253 patients was analyzed, this was a selected population of German hemodialysis patients with type 2 diabetes mellitus randomized into the 4D Study. Therefore, the relationship between ECG variables and risk may not be generalizable to other populations. Other potential limitations may be that data about anticoagulation use were not available and that LVH was diagnosed using the Sokolow index only, without considering other methods, for example, the Cornell index.
In conclusion, the absence of sinus rhythm was an important risk indicator for all-cause death and cardiovascular events in patients with type 2 diabetes mellitus on hemodialysis. LVH was predictive of stroke and sudden death. Thus, routine ECG recording adds prognostic information to standard risk assessment. However, only these two out of a set of nine routinely assessed ECG parameters were predictive of outcome in multivariate analysis.
